ABSTRACT: Selenium (Se) nanowires have generated much interest both for the fundamental understanding of crystal formation and growth and for technological applications in optoelectronics, imaging, piezoelectricity, catalysis, and energy harvesting and storage. Several methods have been established to synthesize Se nanowires, but they require sophisticated fabrication steps, are energy intensive, and may involve complex chemical reactions. Moreover, despite an increasing interest, little is known regarding photocarrier dynamics of Se nanowires. Here, we investigate a solution-based approach for the facile synthesis of single-crystal Se nanowires over the large scale where nanowires are directly grown from an amorphous bulk in a solution at room temperature without any chemical reaction. We study the nanowire nucleation and growth mechanism via electron microscopy. We also investigate, for the first time, the charge carrier dynamics and mobility of Se nanowire meshes by means of ultrafast transient absorption spectroscopy, nanosecond flash photolysis, and time-resolved terahertz spectroscopy. These contact-free and noninvasive approaches reveal a lifetime on the picosecond scale for free carriers and on the microsecond scale for trapped carriers, both of which are limited by trap-assisted recombination and a free carrier mobility of ∼3.0 cm 2 V −1 s −1 . Our work for the first time reveals the rationale behind the excellent properties of some Se NW-based optoelectronic devices. It also highlights the simplicity and robustness of the novel Se nanowire synthesis scheme and paves the way toward the simple fabrication of advanced nanowire-based electronic and optoelectronic nanodevices.
■ INTRODUCTION
One-dimensional semiconducting nanowires represent attractive building blocks for electronic and photonic devices 1,2 such as transistors, 3 optical devices, 4 sensors, 5, 6 and metal−oxide− semiconductor circuits. 7 The two typical fabrication paradigms of nanowires, i.e., top-down and bottom-up approaches, have become increasingly successful in making high-quality semiconducting nanowires. The simpler bottom-up approach, in particular, that relies on growth mechanisms such as vapor− liquid−solid (VLS), solid−liquid−solid (SLS), or hydrothermal methods, 5 provides a promising tool for the synthesis of nanowires in terms of cost, throughput, and complexity. VLS and SLS processes have been widely exploited to synthesize a rich variety of nanowires such as unitary, III−V and II−V semiconductors, oxides, carbides, nitrides, and phosphides. 2 A number of solution-based methods have also been demonstrated to fabricate nanowires of silicon, III−V semiconductors, but also of less conventional materials for optoelectronics such as chalcogenides. 8 Among the various chalcogenide materials, pure Se nanowires form an intriguing system for both fundamental studies and applied research. Interesting studies have been done based on Se nanowires (Se-NWs) in thermodynamics 9 and crystal nucleation and growth. 10, 11 From an application point of view, Se was one of the first investigated materials for its interesting electronic and optoelectronic properties. It indeed has a very strong absorption in the visible range and exhibits a good photoconductivity in its trigonal crystalline phase. Pure Se, 12 as well as a variety of Se-based compounds, including chalcopyrite or kesterite, are commonly used in photodetecting 13−15 and photovoltaic devices. 16, 17 Crystalline Se also has excellent piezoelectric properties, 11 and amorphous Se is being used as a scintillator for X-ray imaging. 18 It is however difficult to grow Se in the right phase and with large and welloriented grains, 19 which has rendered Se-based devices difficult to fabricate. The formation of nanowires however is a promising approach to alleviate this difficulty and control and optimize the microstructure of Se materials. Se-NWs have been investigated for high-speed photodetection, 12 as efficient catalysts, 20 for solar cells, 21 as fiber-based electronics, 22, 23 for high-performance lithium-ion batteries, 24, 25 and as chemical sensors. 26 To fully exploit the potential of Se-NW-based devices, however, significant progresses must be made on two fronts: the deeper understanding of their photocarrier dynamics and their fabrication. First, despite the strong potential of Se-NWs, little is known concerning their charge carrier dynamics. Reviving the interest for, and improving the performance of, Se-based devices via the growth of NW entails a better characterization and understanding of Se charge carrier lifetime, mobility, and recombination mechanisms. Second, the fabrication of Se-NW remains poorly optimized to realize optical or optoelectronic devices, as they are either too complex or do not allow for the growth of nanowires from solid, patternable films directly on solid substrates. Vapor deposition techniques require the generation of Se vapors at high temperatures and the assistance of other materials. 9, 27 Hydrothermal techniques rely on decomposition of complex Se-based compounds at high temperatures in aqueous solutions via chemical reactions. 10, 11, 26, 28, 29 All these techniques require complicated postsynthesis transferring methods for making Se nanowire-based devices. Byproducts formed during chemical reactions might also contaminate the nanowires, thereby affecting their practical applications. Simpler and efficient sonochemical methods have been proposed to grow nanowire from Se colloidal solutions. 10 While simple and very efficient, this approach requires the use of liquid solution not well amenable to patterning nor to the direct growth on solid substrates of flat Se-NW meshes.
Here, we report on a newly developed solution-based approach for the synthesis of monocrystalline Se-NWs by leveraging a recent method to integrate semiconducting nanowire-based optoelectronic devices within functional polymeric fibers.
12 Se-NWs are phase-transformed directly from a deposited amorphous Se thin film of controlled thickness, exposed to a solvent (here, 1-propanol) at room temperature without any chemical reaction. We demonstrate that Se-NWs can be synthesized on any solid substrate and over very large scale, even without an ultrasonic step. We further exploit this approach to develop a deeper understanding of both the growth mechanism and optoelectronic properties of Se-NWs from a sonochemical treatment. In particular, we first investigate nanowire nucleation and growth mechanisms by the systematic study of the effect of sonication and of the initial film thickness on the nanowire microstructure via optical and electron microscopy. Second, and for the first time, we investigate their charge carrier dynamics and mobility via advanced optical characterization techniques, namely, ultrafast transient absorption spectroscopy, nanosecond flash photolysis, and time-resolved terahertz spectroscopy. Our work sheds new light on the optical and electrical properties of Se nanowires, via the ability to probe charge carriers on an ultrafast time scale. It further reveals Se-NW as a promising alternative material platform for optoelectronic applications.
■ EXPERIMENTAL SECTION
Optical Microscopy and SEM and TEM Characterization. Optical micrographs were taken by a LEICA DM 2700 optical microscope (OM) 476 equipped with a LEICA MC170 HD camera. All the SEM samples were coated with a 10 nm carbon film. The SEM images were taken with a Zeiss Merlin field emission SEM (Zeiss, Goẗtingen, Germany) equipped with a GEMINI II column operating at 2.0 kV with a probe current of 150 pA. The TEM images and SAED patterns were taken using a Talos F200X operating at 200 kV.
Time-Resolved Terahertz Spectroscopy Characterization. Three beams from the fundamental of a pulsed laser beam (45 fs pulse duration, λ = 800 nm, 1 kHz) from an amplified Ti:sapphire laser (Libra, Coherent) were used for the time-resolved terahertz spectroscopy (TRTS) experiments. A first beam was employed to pump a white light seeded Optical parametric amplifier (OPerA Solo, Coherent) in order to generate the pump pulses centered at 500 nm for the pump− probe experiment. The more powerful one of the two remaining beams (390 μJ per pulse) was used to generate the probe beam, a short and broadband THz pulse, through a two-color plasma method. The beam was focused with a fused silica lens (f = 75 mm), and the second harmonic was generated with a 100 μm BBO crystal. At the focal point the electric field of the two-color beam was strong enough to form a plasma filament that radiates a broadband THz pulse (200 fs, 1−20 THz) that was subsequently collimated and focused with parabolic mirrors onto the sample. The transmitted beam went through two additional parabolic mirrors toward a homemade ABCD detector (Air Biased Coherent Detection 30 ). The remaining beam (40 μJ/pulse) was used as a gate for the The Journal of Physical Chemistry C Article detection, generating a second harmonic signal proportional to the THz electric field measured with a PMT (PMM01, Thorlabs). The samples were specially grown on a flat HDPE substrate completely transparent to our broadband THz pulse.
Ultrafast Transient Absorption Spectroscopy Characterization. A different chirped pulse amplified Ti:sapphire laser (CPA-2001, Clark-MXR) was used to generate the pump and probe beams for the ultrafast transient absorption spectroscopy (TAS) characterization. The fundamental of the laser (120 fs pulse duration, λ = 778 nm, 1 kHz) was used to pump a two-stage noncolinear optical parametric amplifier (NOPA plus, Clark MXR) to generate the pump beam with a central wavelength of 520 nm. The output of the NOPA was then compressed to ∼50 fs with a pair of SF10 prisms, chopped at 500 Hz, set at a magic angle (54.7°) with respect to the probe, and sent into the sample. The probe beam was obtained through white light generation in a CaF 2 crystal. In order to obtain the ΔA signal, the probe beam was divided into a signal beam and focused on the sample with an off-axis parabolic mirror and a reference beam. Both were spectrally resolved using spectrographs (Princeton instruments, Spectra Pro 2150i) and CCD detectors (Hamamatsu, S7030−0906).
Nanosecond Flash Photolysis Characterization. A frequency doubled Q-switched Nd:YAG laser (NT-342, Ekspla) was used as a pulsed pump (5 ns, 532 nm, 20 Hz) for the nanosecond flash photolysis (NFP) experiments. The probe light was provided by a halogen lamp and detected with a PMT (R9910, Hamamatsu) after a monochromator. Finally, the time-resolved signal was recorded and digitized with an oscilloscope (DPO 7254, Tektronix).
■ RESULTS AND DISCUSSION
As schematically shown in Figure 1a , the approach we developed starts with thermally depositing a Se thin film with a desired thickness on a substrate, here a glass slide. The as-deposited Se, rapidly quenched on the substrate, is in an amorphous state after deposition. Subsequently, the sample was sonicated in distilled water for 1 min before it was soaked in 1-propanol for varying times (a few hours to a few days), adjustable depending on the thickness of the film. 1-Propanol is chosen because it dissolves the amorphous Se phase. Finally, the amorphous bulk Se transformed into a mesh of nanowires ( Figure 1a ). The whole process was accomplished at room temperature and ambient condition. The scanning electron microscopy (SEM) image of a sample (75 nm thin film) soaked for 10 h shown in Figure 1b reveals that a dense array of Se-NWs was synthesized on a 75 × 25 mm 2 glass slide. Note that with our approach Se-NWs can be synthesized on any substrate and over a large scale. The selected-area electron diffraction (SAED) from the transmission electron microscope (TEM) characterization (Figure 1c ) of a typical nanowire ( Figure 1d ) indicates that it is monocrystalline. The pattern can be indexed as the trigonal phase, where the lattice constants calculated from the pattern (a = 0.433 nm, c = 0.490 nm) match well with the ones of the Se trigonal phase reported in the literature (a = 0.436 nm, c = 0.495 nm). 31 The nanowires preferentially grow along the [001] direction. Several diffraction patterns taken from different regions of an individual nanowire showed the same crystal orientation, indicating that nanowires exhibit monocrystalline nature without grain boundaries. This growth and its specific orientation are consistent with our previous theoretical analysis for Se-NWs synthesized in multimaterial fibers.
12 Atomistic simulations indeed revealed that the presence of the solvent exacerbates the interfacial energy anisotropy between the basal plane ((001)) and the prismatic planes of Se crystals. This anisotropy favors one-dimensional nanowire growth because a crystal plane grows at a rate proportional to its respective interfacial energy, from the thermodynamic point of view. 32 In order to further understand the nanowire formation mechanism, we first studied the effect of sonication. Figure  2a ,b shows the microstructure of the sample (75 nm thin film) without and with sonication after 10 h of solvent exposure, respectively. When the sample was sonicated the number of nanowire clusters was significantly higher compared to nonsonicated samples. It appears that sonication is not necessarily required when the nanowires are grown directly from a solid thin film, but it can accelerate nucleation. During sonication indeed, a large number of bubbles form, and their collapse induced by cavitation produces intense local heating (exceeding 5000 K) and high pressure (exceeding 500 atm), 33 which causes rapid heterogeneous nucleation. Without sonication, nucleation also happened in the sample following the formation of a supersaturated solution due to the solubility of amorphous Se in 1-propanol. This created a nonequilibrium condition for the system which resulted in the aggregation of dissolved atoms and eventually led to the formation of nuclei that acted as centers of crystallization. Yet, the number of nuclei formed in solution is lower compared to a sonication treatment.
We now turn to the influence of the thickness of the initial thin film on the microstructure of the nanowires and the mesh properties. Se thin films of varying thickness from 10 to 3000 nm were deposited on glass slides. Figure 2c −f shows the microstructure of the nanowire mesh grown from the different thin films. It appears that all the amorphous films transformed into nanowires in a sufficient soaking time. After the nuclei have formed, the Se atoms dissolved in the solvent are more energetically favored to attach to these crystalline nuclei, resulting in their growth after they reached a critical size. The randomly separated nanowire clusters in the inset of Figure 2c result from the heterogeneous distribution of the nuclei after sonication. Because the growth rate of the basal plane is higher than that of prismatic planes, crystals grow into nanowires with sharp prismatic tips, as indicated by the cone shape of the nanowires in Figure 2 . Macroscopically, crystal growth was anisotropic, leading to the snowflake-like clusters consisting of dendritic branches. The maximum nanowire diameter for the 10 nm sample is below 150 nm (Figure 2c) . When increasing the thickness of the film, the snowflake-like clusters become bigger and denser. The maximum diameter of each nanowire however increases first before reaching a plateau for the samples above a 75 nm thickness as demonstrated by the SEM images of the samples (430 and 3000 nm) in Figure 2f ,g and a statistic analysis of the maxium diameter of each wire shown in Figure 2h . The statistics of the ratio of the nanowire length to diameter (shown in the inset of Figure 2f ) were measured to be centered at 25, which agrees very well with our simulated lattice constant ratio (ch/ah) from first-principles densityfunctional theory calculations. 12 For thick samples, not all the film was transformed into nanowires. For the thickest sample (3000 nm), soaked in 1-propanol for 5 days, the cross-sectional SEM image (the inset in Figure 2g ) indicates a composite structure consisting of the nanowire array growing on a film that remained amorphous. The nanowire mesh at the top of the remaining film maintained the same thickness even when the sample was treated for a longer soaking time (e.g., 10 days), which implies that the solvent may not penetrate into the film below the mesh and atom diffusion becomes more difficult when the nanowire mesh is thick enough. A critical thickness below which all the film can transform into nanowires was consistently found to be ∼430 nm (Figure 3g) .
We then investigated the optical response of the nanowire samples by measuring the optical absorption and reflection spectra in the visible and near-infrared regions, as shown in Figure 3 . We first note a strong absorption and low reflection in the visible region, due to an antireflection effect from the porous nanowire mesh and light trapping likely occurring. The onset of absorption agrees with an indirect band gap at around 1.85 eV and a direct one at 1.95 eV reported in the literature. 34, 35 In addition, leaky waveguide modes of individual nanowires may also contribute to the absorption. 36 The distribution of midgap states, enhanced by the increased surface area, creates a well-known tail of absorption below the band gap. 37 Overall, absorption increases with increasing thickness as expected, and it plateaus at around 90% above 430 nm of initial Se thickness owing to the 10% of reflectance. As explained above, a thicker film does not provide a denser nanowire mesh, and the optical absorption is dominated by the mesh in the visible below 670 nm. Above this value, the underlying Se film that did not transform into nanowires contributes to a slight increase of absorption. The nanowire mesh however dictates the optical reflectance across the whole spectrum, with a low reflection below around 670 nm that increases with wavelength as the mesh is denser.
We now turn to the characterization of charge carrier dynamics of the nanowire network using a combination of three time-resolved spectroscopy techniques, i.e., time-resolved terahertz spectroscopy (TRTS), ultrafast transient absorption spectroscopy (TAS), and nanosecond flash photolysis (NFP). More details about the three techniques are given in the Experimental Section. We first probed the nanowires with ultrafast TRTS and TAS on the picosecond time scale. TRTS relies on the measurement of the change in transmission of the terahertz electric field through the sample, which can be directly related to the photoconductivity. 38 In order to improve the signal, the thickness of the nanowire mesh for the TRTS characterization can be controlled to completely absorb the The Journal of Physical Chemistry C Article pump pulses (here, λ = 500 nm), thereby maximizing charge carrier generation without the need to increase the fluence of the pump pulse. Hence, a nanowire sample grown from a 400 nm thin film that exhibits the highest absorption ( Figure 3 ) was used for this measurement. Alternatively, TAS records the difference of absorption spectra (ΔA) between the excited sample and the sample in the ground state. Thus, the sample must be partially transparent to the probe pulse. A nanowire sample grown from a 200 nm thin film was used for this measurement.
As shown in Figure 4a , a rapid rise in photoconductivity and ΔA in the respective signal, limited by the time resolution of the instrument, is observed after the photoexcitation due to the generation of carriers. A very fast multiexponential decay in the order of a few ps is readily observed after the rise with both methods. The faster part of the signal decay (90% of the TRTS one) can be fitted with a biexponential equation (see the equation in the SI), obtaining lifetimes in the order of τ 1 = 0.5 ps and τ 2 = 3 ps. These carrier lifetimes compare favorably with that of some silicon, GaAs, and GaAs/AlGaAs core−shell nanowires. 39 There is a clear differentiation between the signals that can be obtained with the two techniques. In TRTS, unless a major transition corresponding to a low energy vibrational mode is strongly affected, the photoconductivity is responsible for an increased absorption of THz. This photoconductivity arises from the introduction of new charge carriers and depends on their density and mobility. 40 Thus, a decrease in THz absorption over time can be attributed to carrier recombination or a decrease in mobility or both. In TAS, any excited-state species that produces a change in the absorption profile in the visible region can be observed. In fact, the observed TAS signal in Figure 4a is a ground state bleaching (GSB, ΔA < 0) near the band gap (650 nm). Any process that depletes the electron population capable of undergoing the transition with the corresponding energy will cause such a bleaching. This includes the formation of free carriers due to band filling 41 but also immobilized trapped carriers 42, 43 and excitons. 44, 45 Overall, the observed decay in both measurements is very similar. However, in TRTS we obtain a complete recovery of the initial signal, while in TAS a certain offset bleaching is maintained. If the fundamental difference between the signals obtained with the two experiments is taken into account, it can be concluded that most carriers rapidly return to the ground state, while a small portion stays in a state that gives rise to no or negligible THz absorption but allows a GSB. Trapped carriers are believed to fit in this description as they exhibit a greatly reduced mobility while maintaining a GSB, as has been reported before. 46 In order to further explore this possibility, fluence-dependent TRTS measurements were carried out. The results (Table S1 , Supporting Information) show little change in recombination lifetimes when changing the fluence, except at lower fluences. Note that trigonal selenium (t-Se) is an indirect semiconductor 47 that disfavors bimolecular recombination, and the sample is a nanowire mesh that exhibits a significantly enhanced density of midgap states (traps) due to the increased surface to volume ratio. It can therefore be concluded that the main recombination pathway is trap-assisted recombination (Shockley−Read−Hall) 48 instead of bimolecular recombination that is highly dependent on the excitation intensity.
In order to probe the nature of these trapped carriers, we then performed NFP measurements on a microsecond scale. Figure 4b shows that these trapped carriers can last up to tens of microseconds before completely recombining. Biexponential fits yielded lifetimes of τ 1 = 0.9 μs and τ 2 = 4.1 μs. Fluencedependent NFP measurements shown in the Supporting Information (Table S2 ) again indicate that carrier lifetime is not dependent on the incident flux, which further confirms the trap-assisted recombination mechanism. The microsecond time scale of these trapped carriers in our trigonal Se-NWs is comparable to that of mobile carriers recently reported in trigonal Se powders measured utilizing the transient microwave conductivity technique. 49 The recovery time on the picosecond time scale measured by TRTS can then be attributed to ultrafast trapping of carriers mediated by surface states of each individual nanowire and contacts between nanowires, given the large surface to volume ratio of these randomly arranged samples. Similar dramatic changes in carrier dynamics due to increased surface states have been observed before, e.g., in nanoporous 42 and microcrystalline 50 silicon. Therefore, a clear effect of the enhanced nanowire aspect ratio has been observed, heavily enhancing monomolecular recombination. Nevertheless, the trapped carriers in current Se nanowires exhibit such a long lifetime as measured by NFP that they can advance and be collected via hopping transport before they annihilate. This is beneficial for the use of Se-NWs in optoelectronic devices and is at the heart of the fiber-integrated device performance we have demonstrated in a recent work. 12 Next, we studied the carrier mobility of the nanowire network. The TRTS measurements were additionally used to calculate the short-range mobility of charge carriers. Indeed, TRTS probes the intrinsic mobility on a short length scale, typically <100 nm, due to the short duration of the electric field cycle. 38 The frequency-averaged photoconductivity Δσ was obtained using the maximum electric field point of the single-cycle THz pulse following eq 1
where n air and n HDPE are the refractive indices of air and the HDPE (completely transparent to our broadband THz pulse) substrate, respectively; ε 0 is the free space permittivity; c is the speed of light; and ΔE is the photoinduced change in the transmitted THz electric field while E is the initial one. Lastly, L is the sample thickness. Here, we consider an effective thickness (L e ) corresponding to a compact film of t-Se nanowires, in order to obtain an average mobility over the probed ensemble. The average mobility can then be calculated with 2) where N is the charge carrier density and e the elementary charge. In order to estimate N we assume a complete photon to charge carrier conversion obtaining two carriers (electron and hole) per photon at time zero. Since the photoconductivity presents a very fast decay, being nonnegligible within the time duration of the pump pulse, the peak signal has to be extracted. A straightforward method is to use the amplitudes of the exponential decays convoluted with gaussians used for the fit (Supporting Information). These amplitudes correspond to the initial signal that would be observed after a delta function excitation pulse. N is calculated as N = f abs N p ϕ, where f abs is the absorptance measured with the integrating sphere, subtracting the amount of absorptance obtained at 850 nm to the one at λ ex ; ϕ is the carrier generation yield that we assume to be equal to 2; and N p is the average photon density on the sample volume (where L e is present). Therefore, L e cancels out in the calculation of μ, yielding it irrelevant within the approximations used. Taking advantage of the mobility measurements that do not progressively vary at different fluences we reach a value of μ = 2.98 ± 0.42 cm 2 V −1 s −1 ( Table 1 ). The mobility value obtained here for the Se nanowire network is much higher than that of a single Se nanowire synthesized by the hydrothermal technique measured using a contact probe technique. 52 The latter technique probes the mobility of carriers as they travel between two electrodes over long time scales. Thus, they have time to get trapped and scatter on different defects found along the way. On the contrary, in our TRTS measurements the carriers are probed over small distances before they equilibrate with defect trapping states. The mobility obtained here can therefore represent an upper limit for the Se nanowire network. Interestingly, the mobility value is higher than that of polycrystalline Se powders, 39 while it is lower than that of bulk Se single crystals. 53 It should be noted that the current carrier mobility measured by TRTS is an average value for the Se nanowire network where each individual wire has a random orientation with respect to the electric field of THz. However, even though experimental uncertainties and approximations can contribute to the differences, we believe that grain boundaries in polycrystalline samples, surface states and interconnections in nanowire samples, and crystal orientation can strongly affect carrier mobility. 54 Indeed, the mobility must be higher along the helical chains of trigonal selenium than crossing them. Thus, bulk single crystals without grain boundaries, surface states, or interconnections, probed along the (001) orientation, exhibit the highest mobility. Finding ways to reduce the density of interconnections such as aligning the nanowire mesh via electric forces or thermal gradients would allow an increase in carrier mobility and therefore enhance device performance. This has been demonstrated by our recent work where engineering the number of defects in the Se nanowire network significantly improves the electronic and optoelectronic performance in terms of photoresponsivity, photosensitivity, and response speed. 12 Surface passivation could also be exploited to unpin the Fermi level from the conduction band and therefore undermine surface scattering and yield enhanced carrier mobilities approaching bulk values, 3 while reducing surface recombination.
■ CONCLUSIONS
In summary, we have developed a novel and simple solutionbased approach for the large-scale synthesis of Se single-crystal nanowires directly from amorphous Se thin films. Nanowire nucleation and growth mechanisms were elucidated via electron microscopy combining our previous atomistic simulation, which provides guidance for the nanowire transformation of other anisotropic systems, such as Te or Se/Te compounds. With our approach, Se-NWs can be potentially synthesized on any substrates that are flexible, soft, stretchable, foldable, or wearable. It also facilitates the fabrication of Se-NW-based electronics and optoelectronics with the optimal microstructure and without the need for transferring methods. For the first time, we investigated the charge carrier dynamics and mobility of Se-NWs using a timeresolved contact-free and noninvasive approach, revealing picosecond-long free carrier lifetime and microsecond-long trapped carrier lifetime and a free carrier mobility of ∼3.0 cm 2 V −1 s −1 . Carriers recombine via a trap-assisted recombination mechanism. In spite of a high density of surface states that influence carrier mobility, Se in the form of nanowires exhibits an excellent combination of efficient light absorption, long carrier lifetime, good mobility, easy synthesis, and processability, making them of interest for high-performance electronic and optoelectronic devices.
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.jpcc.8b08942.
We discuss the models we used to fit the time dependence of the photoconductivity and the difference of absorption measured by the time-resolved terahertz The NFP results were fitted using standard exponential equations:
The equation used to fit the TRTS charge carrier dynamics is the result of the convolution between a Gaussian and an exponential equation (2) due to the short timescale of the decay. 
S2
Considering an instrument response in the form of the following Gaussian for the convolution: 
